Purpose This study aims to proliferate spermatogonial stem cells (SSCs) and compare the in-vitro effects of laminin and growth factors on the proliferation of adult human SSC.
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Introduction
In 1994, with the successful transplantation of spermatogonial stem cells (SSCs) in the buslfan-treated mouse, a great evolution occurred in the treatment of male infertility [1] . Since then, researchers have proposed the idea that human testicular tissue could be harvested and cryopreserved in children with testicular cancer prior to start of chemotherapy or radiotherapy. Such cells could subsequently be transplanted back into the testis to resume spermatogenesis and sperm production [2, 3] . Until now, autotransplantation has been carried out in a number of animal models such as bovine, goats and monkeys [4] [5] [6] , but autologous transplantation was only able to successfully resume complete spermatogenesis in bovine. As yet, no evidence has been found in human studies. SSCs similar to other stem cells are generally rare [7] . It has been demonstrated that the approximate number of SSCs in mice and rats is 0.03% of all germ cells [8] ; therefore, we predict that human SSCs may be rare and similar to rodent SSCs. The success rate of transplants depends on the enrichment and concentration of transplanted SSCs in vitro [9] [10] [11] . Proliferation of SSCs in vitro enhances SSC numbers [2, 12, 13 ] and probability of successful transplantation [14] . In addition, it provides large numbers of stem cells for biochemical or molecular analysis [15] . On the other hand, the usual testicular biopsy does not have an adequate number of SSCs for transplantation therapy. Indeed, obtaining a whole testis from a patient is impossible. Therefore, access to sufficient numbers of SSCs is essential for study of their regulations and further biomanipulation [9] . So, in vitro proliferation of a few SSCs to obtain appropriate cell numbers is essential.
Recent studies have shown that soluble growth factors such as glial cell line-derived neurotrophic factor (GDNF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF) and mouse leukemia inhibitory factor (LIF) along with serial passaging of clusters result in long-term SSC maintenance and stimulate SSC division in animals [16] [17] [18] [19] as well as in humans [13] . Also, long term SSC maintenance can be achieved when cultured on laminin coated plates in animals [17, 20] and humans [13, 21] .
Controversies present with respect to the use of somatic cells as a feeder layer. Somatic cells are able to differentiate [22] or support mice [23] [24] [25] [26] and human SSCs in cultures [13, 27, 28] . Recently, in vitro propagation of human SSCs has been reported with small pieces of normal human testis [13] and small testicular biopsies from azoospermic patients [7, 28] with different culture systems. Mirzapour et al. [28] cultured SSCs from human adult azoospermic testes in cocultured with Sertoli cells or co-cultured with Sertoli cells with adding LIF and FGF. As a result, SSCs co-cultured with Sertoli cells proliferated with the largest number of colonies [28] . Lim et al. [7] propagated SSCs derived from obstructive azoospermic and non-obstructive azoospermic (NOA) patients for a long-time. The testicular cells were treated with a combination of GDNF, FGF and EGF during culture. They didn't perform transplantation of obtained germ cell colonies into recipient mice for functional assessment of SSCs [7] .
The aim of this study was to compare the in vitro effects of laminin and growth factors on the proliferation of adult human SSC obtained from patients suffered from NOA. To accomplish this objective, isolated testicular cells were treated with a combination of different growth factors in the presence or absence of human placental laminin-coated dishes during culture. Cluster assay was performed during culture. Presence of spermatogonia was determined by ultrastructural study of cell clusters, reverse transcription polymerase chain reaction (RT-PCR) for spermatogonial markers. The presence of functional SSC in culture was confirmed through xenotransplantation into busulfantreated recipient mouse testes.
Materials and methods

Experimental samples
Testis biopsies (TESE) obtained for the diagnosis of male fertility through the Clinical Urology and Embryology Department of Royan Institute (Tehran, Iran) following informed consent. The use of human testicular biopsies and the experimental protocol were approved by the Ethical and National Research Council guidelines of Royan Institute (Tehran, Iran).
All 20 samples used for this study were obtained from individuals diagnosed with azoospermia due to incomplete or complete maturation arrest (age 32-50 years, during 2008-2009). Each patient in this research had a complete medical history in Royan institute. Semen analysis was performed according to WHO criteria and testicular biopsy was only performed in cases where sperm could not be detected in any of the semen samples collected during 1 year.
Isolation of human spermatogonial stem cells Testicular cells were isolated using the method described previously, with some modifications [12, 13] . Briefly, after using TESE samples in the andrology and embryology Laboratories, the remainder of the testes tissues (≈50 ± 10 mg) were placed into DMEM medium (DMEM; Gibco, Paisley, UK) supplemented with 13.5 g/L, NaHCO 3 (Sigma, St Louis, MO), single-strength non-essential amino acids, 100 IU/ml penicillin, 100 μg/ml streptomycin, 40 μg/ml gentamycin (all from Gibco, Paisley, Uk) and 5 % FBS. Samples were carried to the stem cell laboratory for isolation. Tissues were initially washed two or three times with phosphate buffered saline solution (PBS) supplemented with 1 % pen/strep before being placed in DMEM medium for a second time. Only two or three samples per isolation were pooled and used. Then, tissues were mechanically dissected using two insulin needles and dissociated in PBS. After two washes, tissues were suspended in a DMEM medium containing 1 mg/ml collagenase type I 1 mg/ml hyaluronidase, 1 mg/ml trypsin and 0.05 mg/ml DNase for 30 min with some shaking and pipetting at a temperature of 37°C. All enzymes were purchased from Sigma Company (Sigma, St Louis, MO). Fragmented tubules, tissues and cells were centrifuged for 2 min at 1100 rpm and washed two-three times in DMEM medium.
For the second digestion step, fragmented tubules was resuspended in DMEM by addition of fresh enzymes and incubated for 30-45 min at 37°C (with shaking and pipetting). After filtration through a 40 μm nylon filter, collected cells were washed three times with DMEM medium that contained 10 % fetal calf serum (FCS) before using for culturing. After overnight incubation, floating cells were collected and cultured. Prior to culturing, the cell numbers were determined with a hematocytometer. Cell viability was evaluated by the dye exclusion test (0.04 % trypan blue solution).
Spermatogonial stem cell cultures
The obtained cells were incubated at 32°C and 5 % CO 2 , in a humidified atmosphere in the presence of 5 % FCS. The culture groups included: (1) control: SSCs cultured on plastic dishes without growth factors and laminin (2) growth factor: SSCs cultured on dishes treated with different growth factors and (3) growth factors plus laminin (Sigma, St Louis, MO): SSCs-cultured on laminin-coated dishes (at a concentration of 20 μg/ml) supplemented with different growth factors. In the treatment group, cells were grown for 2 months in the presence or absence of laminin and different growth factors including recombinant human GDNF 20 ng/ml, recombinant human bFGF 10 ng/ml, mouse EGF 20 ng/ml (all from Sigma, St Louis, MO) and recombinant human LIF 10 ng/ml (Chemicon, Temecula, CA). The cells were cultured in uncoated 4-well culture plates (Cole-Parmer, Vernon Hills, Illinois). Two days post-plating, most testicular cells were attached to the growing surface and the media was changed. Depending on the culture groups, several small clusters were observed on top of the monolayer of testicular cells, approximately after 4 weeks. In order to proliferate these clusters and prevent SSCs from differentiating, every 5-7 days until confluency, cells were passaged with trypsin-EDTA (0.25 %) (Invitrogen) and re-cultured or sub-cultured. Differential plating was performed by considering the ratio of somatic vs. germ cells.
Cluster assay
The cells were cultured for 2 months; the number of clusters which appeared in these cultures as well as the diameter of each cluster was evaluated. An inverted microscope (Zeiss, Jena, Germany) was used to determine the number of the clusters. Furthermore, the diameter of each cluster was measured using Image J software.
Identity confirmation of the spermatogonial cells
RNA extraction and reverse transcription
The presence of spermatogonial cells during culture was determined by the expression of spermatogonial genes based upon previous animal and human studies. Total RNA from the testis samples (positive control), testicular cells obtained before cultivation and cultured testicular cells were extracted using RNX kit standard (Cinnagen, Iran) according to the manufacturer's instructions. The purity and integrity of RNA was checked by a 260/280 nm ratio measurement. Total RNA was treated with DNase I to remove genomic DNA contamination from samples. First, strand cDNA was performed using oligodT primers and superscript II reverse transcriptase system. All reverse transcription reagents were purchased from Fermentas Corporation (Germany).
Polymerase chain reaction (PCR)
The primers specific for PLZF(promyelocyticleukaemia zinc-finger), DAZL(deleted in azoospermia-like), Oct4 (Octamer-binding transcription factor 4), VASA, ITGB1(β1-integrin), ITGA6(α 6 -integrin), and β -actin genes were designed using previously described human sequences (GenBank) and Gene runner software (version 3.02; Hastings Software) as shown in Table 1 . β -actin, a housekeeping gene, was included as an internal control to normalize the PCR reaction. RT-PCR was performed using the prepared cDNA, the primers, and PCR Supermix (Cinnagen) under the following conditions: 35 cycle at 95°C for 30 s, specific annealing temperature for each primer (PLZF, 55°C; DAZL, 62°C; Oct4, 60°C
; VASA, 62°C; ITGA6, 52°C; ITGB1 55°C; and β-actin, 60°C) for 45 s, and finally at 72°C for 45 s. To separate PCR products, 1 μl of each sample was resolved on a 1.7 % agarose gel, then electrophoresis was performed with 1x TAE Loading buffer and a voltage of 95 for 45.
The bands were visualized by using Gell logic, and images were obtained. The amplified PCR products were sequenced to confirm the identity of the amplified products.
Ultrastructural study of cell clusters
Both clusters of GSCs (small and big) were removed and fixed in 2.5 % glutaraldehyde in PBS (pH 7.4) for 2 h, next post-fixed with 1 % osmium tetroxide in the same buffer for 2 h. After dehydration in an ascending series of ethanol, specimens were placed in propylene oxide and embedded in Epon 812 (TAAB, UK). Semithin sections (0.5 mm) were stained with toluidine blue for a light microscopy. Ultrathin sections (60-80 nm) were contrasted with uranyl acetate and lead citrate before being examined by a transmission electron microscopy (TEM; Zeiss EM 900, Germany).
Cell labeling, recipient mice and transplantation
At passage 7, more than 34 SSC clusters and underlying somatic cells were trypsinized followed by adding 5-Bromo-2-deoxyuridine (BrdU) to the medium for cell labeling and tracing in the recipient mice 72 h before transplantation. Then, spermatogonial cells were transplanted into the seminiferous tubules of recipient mice,age 10 weeks, via the rete testis that was treated with 35 mg/kg busulfan prior to the transplantation. The treated recipient mice were devoid of endogenous spermatogenesis at the time of transplantation (6 weeks after treatment) [29] . Adult recipient mice were anesthetized with 10 % ketamine and 2 % xylazine (Alfasan, Woerden, Netherlands). Approximately, 10 5 of the cultured cells in 10 μl DMEM were injected into the seminiferous tubules in one testis of each recipient mouse (n03). The other testis served as an internal control. Transplantation was performed by retrograde injection through the efferent ducts.
Recipient testes assessment
Transplanted testes of the recipient mice were examined two months after transplantation. The testes were fixed in 4 % paraformaldehyde, dehydrated and embedded in paraffin. Presence of transplanted cells in 5 μm sections was assayed by immunohistochemical detection of BrdU incorporated with a kit according to manufacturer's instructions (Sigma). For immunohistochemistry, following deparaffination, sections were treated in 25 % formamid in SSC2X for 2h at 60°C, then washed in SSC2X for 10 min. Antigen retrieval were performed in CaCl 2 solution for 20 min at 37°C and blocked with 10 % goat serum for 1 h at 37°C (Vector, Burlingame, CA). The slides were incubated for overnight at 4°C with mouse monoclonal anti BrdU (dilution, 1:300; Sigma). After being extensively washed with PBS, the secondary antibody (goat anti-mouse labeled with fluorescein isothiocyanate (FITC); dilution, 1:100; Sigma) was applied for 45 min. The control slides were under similar conditions except for the removal of the first antibody.
Statistical analysis
Results were expressed as mean ± SD. Data were analyzed using ANOVA and results were assumed significant at p≤0.05.
Results
Owing to the presence of a variety of germinal cells in the testes (Fig. 1 a) , purification of spermatogonia was difficult after isolation, thus differential plating was used. In addition, the cell population obtained was of different sizes and morphologies. Sertoli cells, as specified by their nuclear morphology, were 32-33 μm in diameter with an irregular outline and a granular appearance (Fig. 1 b) . During the first week of culture, they proliferated and created a monolayer of cells. SSC had a diameter of 24-25 μm and a spherical outline with prominent nucleus centrally located (Fig. 1 b) . They created embryonic stem cell-like (ES-like) colonies (Fig. 1 c) or big and small germ-line stem cells (GSC) clusters (Fig. 1 d-f ) after proliferation over several weeks of culture. Testicular cells could be proliferated for up to 2 months and 7 passages. Of these, only the clusters of GSC were assayed.
Assessment of spermatogonial stem cell clusters
Cell viability was assessed after isolation of testicular cells by the dye exclusion test (0.04 % trypan blue solution). The Fig. 1 Isolation and culture of SSCs from testicular tissues of non-obstructive azoospermic (NOA) patients. a Histological appearance of the testes biopsy obtained from azoospermic patient with complete maturation arrest that was stained with H& E and showed spermatogenic cells in tubules. b Cell population obtained from the seminiferous tubules after two steps enzymatic digestion contained different cell types, sizes and morphology. Spermatogonia could be identified as round cells with a large nucleus, one nucleoli and cytoplasmic inclusions (asterisk); whereas, Sertoli cells were large cells with a granular appearance (arrows). After overnight incubation, the non-adhering cells were collected and cultured. c-f The morphology of clusters growing on top of monolayer of somatic cells shows three types of colonies or clusters as observed during 2 months of cultivation. First, ES-like colonies were sharply edged and compact (c); while, big (d) and small (e, f) GSC clusters were smaller and clumpy and their cells were individually recognizable. We assayed the GSC clusters. Scale bars: A, B050 μm and C-F0 200 μm results showed that ≥92 % of the cells were viable. Cluster appearance varied between the different experimental groups. The clusters appeared earlier in the growth factors plus laminin group (day 22.3±3.8 of culture) and the growth factor group (day 23.7±6.4 of culture) in comparison with the control group (day ≥55). When these clusters were enzymatically dispersed and replated, their present SSC could start new clusters during 2 months of culture.
All in all, as shown in Table 2 , the results indicate that the diameters of the clusters in both of the growth factor groups were varied significantly from that of the control group (p≤0.01). In terms of numbers of clusters, the growth factors plus laminin group was significantly different compared to the control group (p≤0.05). However, the diameters of the clusters in the growth factor group in the first (169.4±84.9) and second months (220.4±54.7) were not significantly different compared with the growth factor plus laminin group in the first (209.9± 53.4) and second months (173.8 ± 80.6), respectively. Furthermore, the numbers of the clusters in the growth factor group in the first month (6±3.6) were not significantly different compared with that of the growth factor plus laminin group (8.7±4.7). However, during the second month, the number of clusters in the growth factor group (16.3±4.7) significantly varied from that of the growth factor plus laminin group (28±4) (p≤0.05). Additionally, when the number of clusters and their diameters were analyzed, a higher score was obtained after 2 months of cultivation rather than after one month (p≤0.05).
Identity confirmation of the spermatogonial cells
RT-PCR
RT-PCR was performed to analyze the expression of specific spermatogonial and germ cell markers in TESE, and the isolated testicular cells and cultured cells after the first and second months. As shown in Fig. 2 , all samples expressed specific spermatogonial and germ cell genes: DAZL, PLZF, Oct4, VASA, ITGA6 and ITGB1.
Colonization assay of the transplanted cells
Cell labeling with BrdU was performed before transplantation. Cell staining was examined just before xeno-transplantation. Immunoflourescent cells indicated that a lot of cells (~70 %) were labeled with BrdU before transplantation. After 2 months of cultivation, 10 5 cells from the growth factor plus laminin group were injected into the seminiferous tubules through the rete testis of the recipient testes in order to confirm the presence of SSCs in clusters and the human SSCs colonization assessment in the testis. Two months after transplantation, the cells whose nuclei stained FITC positive with BrdU were considered as transplanted cells. Two months after xenotransplantation, the transplanted cells were localized in the basal of the seminiferous tubules of the recipient testes as single cells and did not form a cluster. The non-transplanted right testis was considered as the control group.
Morphological characterization of clusters
The ultrastructures of the clusters, after 2 months of cultivation, were examined by TEM. The electron micrograph showed that cells from both types of clusters had typical morphology of human spermatogonial cells [30] . As seen in Figs. 3 and 4, both cluster cells had large spherical nuclei that contained one or two prominent nucleoli which were located along the nuclear membrane or in the center of the nucleus. The cell shapes were variable (pear-shaped or round) and contained a long irregular or round nucleus. The cytoplasm was characterized by organelles such as mitochondria, which were mostly located in the perinuclear region. Mitochondria were found singly, in pairs or in groups.
Discussion
In this study, we cultured a small number of adult human testicular cells obtained from NOA patients instead of using abundant normal testicular cells in each culture. We demonstrated that the addition of GDNF, bFGF, EGF and LIF in the presence or absence of laminin-coated dishes significantly increased spermatogonial cell colony formation in SSCs obtained from NOA patients in comparison to the control group (neither growth factor nor laminin). It was also shown that these spermatogonial cell clusters could be successfully cultured and propagated for two months. In vitro, SSCs form three-dimensional aggregations of germ cells on a feeder layer, termed clusters. Disassociation of clusters and serial passaging for extended periods can increase SSCs in number [16] . In our culture system, the addition of GDNF, bFGF, EGF and LIF on laminin-coated dishes increased the numbers of SSCs clusters by self-renewal in vitro. The culture medium used in this study was DMEM supplemented with essential growth factors: GDNF, bFGF, EGF and LIF. These growth factors are secreted by Sertoli cells, their receptors place on SSCs, and increase survival and proliferation in vitro [16, 18, 19, 31] . Majority of studies in humans [7, 13, 28] and animals [9, 12, [17] [18] [19] 25] have confirmed the useful effects of the aforementioned growth factors on SSCs. On the other hand, stem cells, in general, need a special microenvironment or niche to establish and maintain their stem cell properties [32, 33] . SSCs niche is provided by Sertoli cells in vivo [34] and probably this microenvironment can be reproduced in vitro [35] . Based on the previous studies, [25, 28, 35, 36] we conclude that in addition to growth factors and existence of somatic cells in culture, Fig. 2 Molecular characterization of spermatogonial and germ cells at the RNA level during cell culture. Reverse transcriptase polymerase chain reaction (RT-PCR) was used to determine the expression of specific spermatogonia and germ cell markers. It showed that PLZF (396base pairs); ITGA6 (300base pairs); ITGB1 (300base pairs); VASA (320 base pairs); DAZL (381base pairs); and Oct4 (100 base pairs) genes were expressed in 1) Total testis, 3) isolated testicular cells by two steps of enzymatic digestion before culture, 5) cells one month after cultivation and 7) cells two months after cultivation. 2, 4, 6, 8) Negative control, No cDNA. β-actin was also used as a housekeeping gene (90base pairs). As shown, all samples expressed specific spermatogonial and germ cell genes. PCR products were separated on 1.7 % agarose gel. DAZL (deleted in azoospermia-like), VASA, PLZF (promyelocytic leukemia zinc finger protein), ITGA6 (integrin-α 6 ), and ITGB1 (integrin-β 1 ) likely create a testis-like microenvironment can be more effective in colony formation.
Although laminin-coated dishes could significantly increase SSCs colony formation in vitro, the small clusters GSCs were more abundant in growth factors plus laminin group. This explains why the diameter of clusters decreased after two months of cultivation (Table 2. ). Kanatsu-Shinohara et al. has showed that SSCs prefer to attach to laminin [37] and can be enriched 3-to 8-fold after selection on a laminin-coated plate [38, 39] . Also, GS cells on laminin tend to form various types of colonies, ranging from chains to clumps [17] . Previous studies have shown the beneficial effects of laminin on in-vitro normal SSC proliferation [13, 40] and purification [41, 42] .
In order to confirm the presence of spermatogonial cells during cultivation, RT-PCR using spermatogonial markers (PLZF, Oct4, DAZL, VASA, ITGA6 and ITGB1) in isolated testicular cells, cluster cells and testes tissue were performed. These markers were predominantly expressed by spermatogonial cells. To date, no SSC-specific marker has been identified for any species but the combination of expression of multiple markers can provide important information about spermatogonial cell types in rodents and other species [43] .
PLZF, a marker for spermatogonial stem/progenitor cells, is well-known as a spermatogonial-specific marker in many species including humans [13, 22, 43] . Oct4, a general marker for stem cells, is also expressed in mouse spermatogonial stem/progenitor cells [18, 25, 31, 44, 45] and Human SSCs [7, 27, 46, 47] and may be required for the self-renewal of SSCs [48] . Oct4 expression also reveals the presence of populations of SSCs in the human testes with pluripotent characteristics [47] . ITGA6 and ITGB1, surface markers for spermatogonial stem/progenitor cells, are expressed in rodents [37, 49] and humans [13, 21, 41, 47] . Our findings supported the reports by previous investigators [7, 13, 28, 47] . In our study expression of VASA and DAZL as markers of germ cell identification were also observed in isolated testicular cells, cluster cells and testes tissue. Our finding is in line with Conrad et al. [41] and Mirzapour et al. [28] who mentioned human adult GSCs and SSCs to be positive for stem cell markers such as VASA and Oct4 [28, 41] . Previous studies have revealed that DAZL is presented in nucleus of spermatogonia obtained from rodents [38, 50] and adult rhesus macaque [51] .
In addition to confirmation of molecular characteristics, SSCs functional assay and an ultrastructure study of the Fig. 3 Xenotransplantation of human SSCs into recipient mouse testis. In order to determine the functional spermatogonial stem cell activity of cultured cells, xenotransplantation of human SSCs into recipient mouse testis was performed. For these assay, human spermatogonial cells were harvested following culture periods of 60 days and labeled with 5-Bromo-2-deoxyuridine (BrdU). a BrdU was added, and staining was examined in cultured spermatogonial cells before transplantation. Labeled cells were transplanted into the seminiferous tubules of busulfantreated adult recipient mice through rete testis. Since only spermatogonial stem cells can migrate to seminiferous tubule basement membrane recipient mouse testis. c Transplanted human SSCs were found as single cells or paired at the basal membranes of some of the mouse seminiferous tubules two months after transplantation. These cells were traced in the recipient testes by BrdU staining. e The nontransplanted right testis was considered as the control group. b, d, f Phase contrast. Scale bars0100 μm cluster cells were also performed. As there are no specific biochemical or morphological markers for SSCs in clusters [52, 53] and only the stem cells are able to colonize and repopulate in testes [29, 54] , transplantation is performed as a functional assay to determine the presence of SSCs in a cell population. The cultured testicular cells were transplanted into a mouse busulfan azoospermic model. Human SSCs were found as single or paired cells at the basal membranes of some mouse seminiferous tubules. However, because of the large phylogenetic distance between mouse and human, only single or paired cells could be formed at the basal membranes of tubules. Previous reports have also shown similar results8 weeks after transplantation [13, 21, 28, 47] . Although SSCs in the clusters showed pluripotent characteristics, no tumors or teratomas were found in the three recipient mice after transplantation. This demonstrated that human SSCs remained completely committed to the germ line lineage during culture. This finding agreed with the reports by the aforementioned investigators.
Although there have been only a few ultrastructural studies on human spermatogonial cells in colonies or clusters, these studies all confirm the large nucleus to cytoplasm ratio, intensive nucleolus and high heterochromatins in humans and rodents [41, [55] [56] [57] . Similarities were found upon the comparison between the ultrastructure of the cluster cells of this study with those of previous studies.
The self-renewal and pluripotency capability of human SSCs from NOA patients in our culture system enables this system to be utilized for proliferation or differentiation of these cells from small biopsies in clinical applications, cell replacement therapy and tissue regeneration. Fig. 4 Representative transmission electron micrographs from SSCs clusters. To characterize of SSCs, obtained cluster cells from culture were compared using a transmission electron microscopy (TEM). So, both types of GSC clusters were harvested during cultivation and processed for ultrastructure study. The electron micrograph showed cells from small (a, c) and big (b, d). GSC clusters had morphology typical of human spermatogonial cells. The nucleus (N) shown contains a mottled appearance with dark speckles of heterochromatin. In the nuclei, one or two small compact and highly reticulated nucleoli (Nu) were located eccentric position. Also, ratio of their nucleus to cytoplasm was very high and mitochondria (M) were positioned in the cytoplasm in abundance. Scale bar: A, B0800 nm and C, D0 500 nm
